Introduction Previous studies found that neuron specific enolase promoter (Nse-BMP4) transgenic mice have increased expression of the nociceptive mediator, substance P and exaggerated local injury responses associated with heterotopic ossification (HO). It is of interest great to know the pain responses in these mice and how the opioid signaling is involved in the downstream events such as mast cell (MC) activation. Materials and methods This study utilized a transgenic mouse model of HO in which BMP4 is expressed under the control of the Nse-BMP4. The tactile sensitivity and the cold sensitivity of the mice were measured in a classic inflammatory pain model (carrageenan solution injected into the plantar surface of the left hind paw). The MC activation and the expression profiles of different components in the opioid signaling were demonstrated through routine histology and immunohistochemistry and Western blotting, in the superficial and deep muscle injury models. Results We found that the pain responses in these mice were paradoxically attenuated or unchanged, and we also found increased expression of both Methionine Enkephalin (Met-Enk), and the l-opioid receptor (MOR). Met-Enk and MOR both co-localized within activated MCs in limb tissues. Further, Nse-BMP4;MOR -/-double mutant mice showed attenuated MC activation and had a significant reduction in HO formation in response to injuries. Conclusions These observations suggest that opioid signaling may play a key role in MC activation and the downstream inflammatory responses associated with HO. In addition to providing insight into the role of MC activation and associated injury responses in HO, these findings suggest opioid signaling as a potential therapeutic target in HO and possibly others disorders involving MC activation.
Introduction
Heterotopic ossification (HO) is bona fide bone formation outside of the normal skeletal system. HO can either be an acquired complication of tissue damage or a rare inherited condition, such as fibrodysplasia ossificans progressiva (FOP), which is caused by gain-of-function mutations of a bone morphogenetic protein (BMP) type I receptor (ACVR1). There are currently no effective treatments for either acquired HO or for FOP. The precise mechanisms underlying HO are unknown, although numerous signaling pathways and cellular components, both local and systemic, have been implicated.
Mast cells (MCs) are immune cells that were originally known for their roles in allergy and anaphylaxis. However, MCs play multiple roles in diverse diseases, including atherosclerosis [1] , ischemia-reperfusion injury [2] , autoimmune disorders [3] , bladder pain syndrome [4] , neuropathic pain [5] , autism [6] , Alzheimer's disease [7] , and obesity and diabetes mellitus [8] . Massive MC infiltration is found in all stages of lesions in FOP and in HO induced by BMP signaling, especially at early stages of lesions. Furthermore, MC deficiency significantly inhibits BMPdependent HO and the associated inflammatory responses [9, 10] . Accumulating data suggest that MC-mediated dysregulation of inflammatory responses may be a common underlying mechanism for MC involvement in many of the above-mentioned disorders [11] .
Pain is a complex physiological process that is a key early warning signal to the body [12] . Numerous neurotransmitters and neuromodulators serve as nociceptive mediators within pain pathways and modulatory circuits to relay and amplify pain transmission [13, 14] . Conversely, endogenous antinociceptive factors, including opioids [15] , directly target pain modulation pathways to inhibit pain signaling and increase pain thresholds [16] . In addition, numerous other factors, including abnormal neuroimmune interactions [17] or dysregulated transforming growth factor beta (TGF-b) signaling [18] , disrupt the homeostasis of pain perception. The observation that neurological pain and sensory abnormalities are prevalent in patients with FOP [19] is consistent with a role for TGF-b/BMP signaling in modulating pain pathways. We therefore examined pain perception in mice that overexpress BMP4 under control of the neuron-specific enolase (Nse) promoter (Nse-BMP4), an animal model of HO [9] . Surprisingly we found that these mice have attenuated pain responses despite the substantial inflammatory response associated with formation of HO and increased levels of the nociceptive transmitter, substance P (SP) in the lesions [9] . This observation prompted examination of antinociceptive pathways in these animals. Our findings suggest that opioid signaling through the l-opioid receptor (MOR) is involved in MC activation and the abnormal injury responses associated with HO.
Materials and methods

Animals and injury models
The Nse-BMP4 transgenic mice used in this study have been described previously [9] . MOR -/-mice were obtained from the Jackson Laboratory. All animal experiments were approved by the Animal Care and Use Committee at Northwestern University.
Superficial and deep muscle injury models
The superficial and deep muscle injury models were preformed according to previous descriptions [9] . Briefly, a deep skin incision caused disruption of skin and subcutaneous tissue as well as injury of the superficial panniculous carnosus muscle. Deep intramuscular injection of 100 ll of 10 mM cardiotoxin (Calbiochem) caused deep muscle injury.
Inflammatory pain model 100 ll carrageenan solution (10 mg/ml in physiological saline) was injected into the plantar surface of the left hind paw, and 100 ll physiological saline was injected into the right hind paw.
Tactile sensitivity
Paw withdrawal thresholds to von Frey filament stimulation were used to assess mechanical sensitivity of the hind paws. Animals were placed in a Plexiglas box with a wire grid floor and allowed to habituate for 15 min. At this point, filaments of various forces (Stoelting, USA) were applied to the plantar surface of each hind paw. Filaments were applied in a descending or ascending pattern, determined by the response of the animal. Each filament was applied for a maximum of 2 s, and paw withdrawal in response to the filament was considered a positive response. 50 % thresholds were calculated according to Chaplan et al. [20] .
Cold sensitivity
To measure sensitivity to cold, a blunt needle connected to a syringe was used to drop 50 ll of acetone on the lateral hind paw. Mice were observed for 5 min and their withdrawal behavior and the duration of their withdrawal reaction (0-4 scale), was recorded according to Choi et al. [21] . Minimal and maximal cut-offs were assigned at 0.5 and 20 s, respectively. Paw withdrawals due to locomotion or weight shifting were not counted and such trials were repeated.
Histology and immunohistochemistry
Immunostaining for different markers was performed as previously described [14] . Briefly, sections were pre-fixed with 4 % paraformaldehyde in PBS. Nonspecific binding was blocked with 10 % normal serum diluted in 1 % bovine serum albumin (BSA; Jackson ImmunoResearch Laboratories, West Grove, PA, USA) and 0.25 % Triton X-100 (Sigma) for 1 h at room temperature. The sections were then incubated with primary antibodies diluted with 1 % BSA ? 0.25 % Triton X-100 at 4°C overnight. The sections were then incubated with appropriate conjugated secondary antibodies Cy3 or Cy2 (Jackson ImmunoResearch Laboratories) diluted with 1 % BSA ? 0.25 % Triton X-100 or Alexa Fluor 488, Alexa Fluor 594, and Alexa 647 (1:1,000, Invitrogen) in the dark at room temperature for 2 h. Counterstaining was then performed with 4,6-diamidino-2-phenylindole (1:5,000). Primary antibodies against rabbit anti-mast cell tryptase alpha/beta-1 (TPSAB1; Abcam ab134932), rabbit anti-LAMP2 (LifeSpan Biosciences), guinea pig anti-mu opioid receptor (neuromics, GP10106), rabbit anti-delta opioid receptor (neuromics, RA19072), mouse anti-kappa opioid receptor (neuromics, MO15098), rabbit anti-methionine enkephalin (neuromics, RA21006), rabbit anti-endomorphin 1 (neuromics, RA21001), and rabbit anti-endomorphin 2 (neuromics, RA10111) were used in this study.
Results
Nse-BMP4 mice have attenuated or normal pain responses
Expression of SP, a nociceptive mediator, is markedly increased in early lesional tissue in patients who have either acquired HO or FOP, and in three independent mouse models [9] . We reasoned that since SP is a potent nociceptive mediator, this up-regulation might cause exaggerated pain responses. We therefore directly assessed pain thresholds in mice in response to temperature and mechanical stimulation following carrageenan injection, a well-established acute pain model [22] . The pain thresholds of adult Nse-BMP4 were compared with wild-type (WT) control mice at different points (1 h, 6 h, and 2, 3, 4, 5, and 6 days) after the carrageenan injection. Surprisingly we found that the pain responses of Nse-BMP4 mice were attenuated or unchanged (Fig. 1a, b) .
Increased opioid signaling is observed in peripheral tissues but not in the central nervous system (CNS) of Nse-BMP4 mice
To explain why Nse-BMP4 mice might have attenuated or normal pain responses despite the increase in SP expression, we hypothesized that there might be concurrent expression of antinociceptive factors, such as endogenous opioids and/or opioid receptors. After confirming the specificity and the sensitivity of antibodies for methionine b-endophin (b-endo), methionine enkephalin (Met-Enk), endomorphin 1 (End1), endomorphin 2 (End2), MOR, dopioid receptor (DOR) and j-opioid receptor (KOR) ( Supplementary Figs. 1-3 ), we immunostained sections of brain from Nse-BMP4 and control mice with these antibodies. None of the tested factors were appreciably Supplementary Figs. 4-7) . By contrast, expression of Met-Enk and MOR were significantly increased in hind limb tissues in a transgene-dependent manner (Fig. 2 ). Western blotting with homogenized tissue from the hind limbs of WT and Nse-BMP4 mice further confirmed the transgene dependent increase in MOR expression. In addition, Western blotting also indicated that expression of TPSAB1), a specific MC marker, was increased. Importantly, levels of the mature active form of TPSAB1 were increased more than the precursor form, suggesting that MCs might be abnormally activated in Nse-BMP4 mice (Fig. 2e, f) .
Increased Met-Enk and MOR expression occurs within activated MCs
Met-Enk and MOR are expressed by cells in both the nervous and immune systems in different contexts [23, 24] . To understand the cell type(s) that expresses Met-Enk and MOR in our model, we first double stained for MOR and lysosomal-associated membrane protein 2 (Lamp2), a commonly used MC marker. MOR and Lamp2 expression overlapped extensively (Fig. 3) . However, Lamp2 also labels cell populations other than MC [25] , and some Lamp2 ? cells were not MOR ? (Fig. 3) . We therefore double stained for MOR and TPSAB1, a more specific marker for activated MC, and we found that MOR was expressed exclusively by cells that co-stained for TPSAB1 (Fig. 3) . Furthermore, we found that MOR and Met-Enk colocalized to the same cells in peripheral tissues (Fig. 3) as well as in the CNS (supplementary Fig. 8 ). These findings indicate that both Met-Enk and MOR were expressed by activated MCs. This suggested an intimate relationship between MC activation and opioid signaling in the limbs of our mouse model of HO.
Phenotypes of Nse-BMP4;MOR -/-double mutant mice
To further understand the roles of MOR and opioid signaling in this model, we crossed MOR -/-mice with Nse-BMP4 double mutant mice with control mice. The goals were to clarify the causal relationship between the abnormal opioid signaling and activation of MC, and to determine the pathological consequences of disruption of this abnormal opioid signaling. Nse-BMP4;MOR -/-double mutant mice showed attenuated MC activation and degranulation, strongly suggesting that MC activation might be MOR dependent (Fig. 4) . These data are consistent with previous data about the expression of the activated MC marker, TPSAB1 (Fig. 2) , and further support the tenet that opioid signaling is involved in MC activation. More importantly, Nse-BMP4;MOR -/-double mutant mice had a significant reduction in HO formation in response to injuries (Fig. 5) , similar to what we observed in MC-deficient Nse-BMP4 mice [9] . This suggests that MC activation, not simply the Fig. 3 MOR is co- ) did not differ significantly (Fig. 6) , suggesting that the attenuated pain behavior observed in Nse-BMP4 mice is not dependent solely on MOR expression.
Discussion
This study focused on MC activation in the context of BMP-dependent HO. Our findings not only support the idea that opioid signaling and inflammation are closely associated processes, but also suggest that MCs may be a key point of convergence for these two processes.
MCs can be activated by immunological and nonimmunological pathways. The traditional, immunological view of MC activation is that antigen-dependent MC activation is initiated by antigen-specific IgE binding to IgE receptors (FceRI) on MCs, and that the aggregation of FceRI then leads to an intracellular signaling cascade that culminates in release of mediators [26] . Even though a direct, nonimmunological activation of MCs through pertussis toxin-sensitive heterotrimeric G-proteins has also been proposed [27] . Further studies found that these two pathways are not mutually exclusive. Accumulating evidence indicates that the classic immunological pathway can be significantly modified by many different signaling pathways, including G protein-coupled receptors (GPCRs) [26] , which mediate signaling by SP, opioids and many other ligands. The importance of some of the GPCR ligands, such as SP, in modulating MC activation has been well recognized, but for others GPCR ligands, such as opioids, the importance and the underlying mechanisms are still controversial. For example, even though a previous study demonstrated that codeine (a natural isomer of methylated morphine) and meperidine (a synthetic opioid) can specifically induce MC activation [28] , the authors argued that MOR may not be directly involved.
Similar to the potential role of MOR in MC activation, the peripheral opioid system has also been implicated in Error bars are SD, *P \ 0.05, **P \ 0.01 vs. control injury and wound healing, although the evidence is controversial. For example, Poonawala et al. [29] observed that topically applied opioids speed up wound closure and angiogenesis. Furthermore, opioid-induced wound healing was inhibited by an opioid receptor antagonist. In contrast, Rook et al. [30] reported that topical opioids (morphine) impair wound closure via inhibition of SP and neurokinin A (NKA) release peripherally into the healing wound. Nevertheless, deletion of a functional NK-1 receptor has little effect on wound healing in response to a simple cut in mouse skin [31] .
Our current study found that expression of both Met-Enk and MOR were consistently increased in tissues of Nse-BMP4 mice, and that both co-localized within activated MCs. Since a previous report suggested that there may be nonspecific binding of primary antibodies against regulatory peptides in MC staining [32] , we rigorously confirmed the specificity and the sensitivity of our primary antibodies ( Supplementary Figs. 1-3 ) to exclude the possibility of non-specific staining. More importantly, we found that null mutation of the MOR gene attenuated MC activation/degranulation, confirming that MC activation is at least partially MOR dependent. Furthermore, Nse-BMP4;MOR -/-double mutant mice had a significant reduction in formation of HO, consistent with what we found in MC-deficient Nse-BMP4 (Nse-BMP4;c-kit w-sh/w-sh double mutant) mice [9] . It is unclear why the pain behavior of Nse-BMP4;MOR -/-double mutant and Nse-BMP4 mice did not differ. It is possible that another antinociceptive signaling pathway, such as cannabinoid receptor signaling, may be involved in modulating pain behavior in Nse-BMP4 mice [33] . Alternatively the increased expression of SP up-regulation in the mice could be coupled with an unconventional antinociceptive, rather than nociceptive, signaling pathway, analogous to the report by Lin et al. [34] that NK1 receptors on muscle afferents can inhibit activity of the acid-sensing ion channel 3. Although we found no changes in opioid pathways in the CNS of Nse-BMP4 mice, Mutso et al. suggested that abnormal hippocampal neurogenesis in these mice might contribute to the observed pain phenotypes (personal communications). Regardless of the mechanisms regulating the pain responses of these mice, our findings indicate that endogenous opioid signaling can modulate MC activation and the downstream events such as HO. In turn this suggests opioid signaling as a potential therapeutic target in HO and possibly others disorders involving MC activation. 
